ABSTRACT: The nymph of the western black-legged tick (Ixodes pacificus) is an important bridging vector of the Lyme disease spirochete (Borrelia burgdorferi) to humans in the far-western United States. The previously unknown dispersal capabilities of this life stage were studied in relation to logs, tree trunks, and adjacent leaf-litter areas in a mixed hardwood forest using mark-release-recapture methods. In two spatially and temporally well-spaced trials involving logs, the estimated mean distances that nymphs dispersed ranged from ≈0.04 to 0.20 m/day on logs vs 0.11 to 0.72 m/day in litter. Prior to recapture in either trial and within the confines of the sampling grids, the greatest estimated dispersal distances by individual nymphs released on logs, and in litter 0.5 m or 1.5 m from logs, were 2.4, 3.0, and 3.0 m, respectively. Nymphs released on logs or litter tended to remain within the same biotopes in which they were freed while host-seeking. In two simultaneous trials involving trunks spaced close-at-hand, nymphs released at the trunk/litter interface on all four aspects collectively dispersed a mean of 0.353 m/day on trunks vs 0.175 m/day in litter. In either trial, the greatest distances that recaptured nymphs climbed trunks, or dispersed in litter in an encircling 3-m grid, were 1.55 m and 2.97 m, respectively. Nymphs ascending trunks did not exhibit a preference for any one aspect, and the B. burgdorferi-infection prevalences in nymphs that climbed trunks (3.2-4.0%) did not differ significantly from those that moved horizontally into litter (10.5-17.6%). We conclude that I. pacificus nymphs use an ambush host-seeking strategy; that they disperse slowly in all biotopes studied; that they usually continue to host-seek in or on whatever substratum they access initially; and that B. burgdorferi-infected nymphs are as likely to move horizontally as vertically when offered a choice. Journal of Vector Ecology 34 (2): 252-266. 2009.
INTRODUCTION
To elucidate the basic ecology and epidemiology of the Lyme disease spirochete Borrelia burgdorferi in the farwestern United States, we have been studying the spatial distribution and temporal abundance of, and environmental factors and specific behaviors that may elevate the risk of human exposure to, the nymph of the western black-legged tick (Ixodes pacificus) for the past two decades (referenced in Lane et al. 2007 ). Our keen interest in, and focus on, this life stage stems from the fact that it has been implicated as the primary vector of B. burgdorferi in this region (Clover and Lane 1995) .
More recently, the scope of these studies was expanded to clarify the previously unknown role of I. pacificus nymphs in the transmission cycle of the agent of human granulocytic anaplasmosis, Anaplasma phagocytophilum (Lane et al. , 2005 (Lane et al. , 2007 . Lane et al. (2007) discovered that the mean densities of host-seeking nymphs, and of A. phagocytophilum or B. burgdorferi-infected nymphs, typically were greater on logs or trunks than in contiguous leaf litter or grass in a dense woodland and a woodlandgrass habitat. Co-infections were rare in both habitats. Additionally, the risk of encountering an infected nymph on dense-woodland logs or trunks was determined to be higher for B. burgdorferi than it was for A. phagocytophilum in two of three years, and it usually was higher in dense woodland than in woodland-grass.
Notwithstanding the many years spent studying the host-seeking behavior of I. pacificus nymphs in various habitats, their horizontal and vertical movements had not been evaluated heretofore under natural conditions. These kinds of data are useful for further defining the microhabitat preferences of the nymphs in relation to those of their primary vertebrate hosts, for determining the effect of bacterial zoonotic infections upon the host-seeking behavior of the nymphs, and for discovering what human behaviors might increase the likelihood of encountering nymphs in high-risk habitats.
Here, using a mark-release-recapture (MRR) method, we investigated the diurnal movements of host-seeking nymphs in a mixed hardwood forest to test the following hypotheses: first, that nymphs preferentially host-seek on logs and trunks rather than in adjacent leaf-litter areas; second, that nymphs ascending trunks prefer to hostseek on southern aspects; and third, that B. burgdorferiinfected nymphs tend to climb trunks rather than to move horizontally into contiguous litter areas to host-seek. These hypotheses were generated by observations made during the course of field studies in the same hardwood forest in northwestern California (Lane et al. , 2007 .
MATERIALS AND METHODS

The study area
In 2003, a pilot study (12 June to 3 July) was undertaken to develop the experimental methods necessary to trace the horizontal and vertical movements of I. pacificus nymphs in a mixed hardwood forest (a subtype of dense woodland) at the University of California, Hopland Research and Extension Center (HREC), in Mendocino County, CA. Subsequently, two trials apiece involving logs and adjacent leaf litter (MRR1 and 2), or tree trunks and adjacent litter (MRR3 and 4), were conducted in the same woodland. Both logs and trunks were California black oaks (Quercus kelloggii), the predominant tree species in the study area. The basal portions of the black-oak trunks were colonized by the moss Antitrichia californica. Leaf litter abounds on the forest floor, which also contains some herbaceous vegetation, branches, and limbs as well as logs. Other details of the study area, which is referred to locally as James II, were published previously (Lane et al. , 2007 .
Movements of I. pacificus nymphs
MRR trials 1 and 2. To test the hypothesis that I. pacificus nymphs released atop logs or up to 1.5-m distant in adjoining leaf litter preferentially would seek their hosts on logs, two MRR trials using wild-caught ticks were conducted in 2004. MRR1 was set up between 19:00 and 19:30 on 4 May and completed on 18 June. MRR2 was set up from 18:40 to 19:00 on 18 May and finished on 18 June. Neither of these plots nor those used during MRR3 and 4 (see below) were fenced off. Thus, the possibility exists that a small proportion of the observed horizontal movements of nymphs may reflect transient transport on vertebrate hosts that brushed them off.
A few physical parameters of both experimental logs, which were separated by a distance of ≈230 m, are presented in Table 1 . The two sampling plots each consisted of a 5-m long portion of the log, and by a 5-m wide by 3-m long rectangular grid on each side of it that was covered by leaf litter (Figure 1 ). Each leaf-litter grid was composed of 15 cells, 1 m x 1 m, delineated at all four corners with vinylstake flags. The logs also were divided into five cells, albeit of smaller size (1 m x ≤0.5 m). In total, 160 wild-caught I. pacificus nymphs were used during each trial, including 40 that were used as either positive or negative controls. Nymphs were collected in nearby leaf-litter areas at the James-II site in early spring, and held at room temperature inside vials within a desiccator jar having a relative humidity (RH) of 98% for about one to two weeks until they were dusted with fluorescent powder and then released in the field. Six groups of 20 nymphs were marked in the laboratory by dusting them with a distinct color of fluorescent powder (Radiant Color, Richmond, CA).
Specifically, two groups of marked nymphs were released on the upper, medial surface of the log 2.0 m apart and 1.5 m from each end of the 5-m sampling surface; two groups were released in litter 0.5 m from the log, 2.0 m apart, and in alignment with those released atop the log; and two groups were released 1.5 m from the log, also 2.0 m apart, and in line with, and on the same side of the log as, those released 0.5 m from it. No ticks were released in leaf litter within the 5 x 3-m grid on the opposite side of the log. Ticks were released late in the day when temperatures were cooling and humidities rising to minimize loss of vigor due to desiccation and to facilitate re-acclimation to field conditions. The releases were timed to coincide with the seasonal peak of the nymphal host-seeking period at this particular site, which usually occurs in late April or May.
To determine the impact of marking on tick mortality, positive and negative controls were employed during each MRR trial. One group of 20 marked, and another group of 20 unmarked, nymphs were put inside separate silkscreen packets (6 x 12 cm) that were sealed, then buried vertically, in loose leaf-litter and soil adjacent to each log within individual hardware-cloth protective cages (10 x 10 x 10 cm) having a 3-mm mesh-size (Padgett and Lane 2001) . The control packets were placed in the field the same day that nymphs were released within the grids, and nymphal survival was recorded 31 to 45 days later. The numbers of nymphs eventually recovered were less than the number (20) put in each packet because some nymphs escaped after the packets were buried.
Temperature and RH were recorded at 30-min intervals throughout each trial. In the field, a single HOBO ® H8 Pro Series data logger (Onset Computer, Bourne, MA) was set up near each experimental log at a height of 0.3 m aboveground. Wind-direction data were obtained from a weather station located ≈0.8 km from the James-II site (Horel et al. 2002) . Wind direction, as used here, denotes the direction from which the wind originates.
Two days post-release, and weekly thereafter until no Figure 1 . The MRR1 sampling grid that was used to determine the horizontal and vertical movements of hostseeking I. pacificus nymphs in May 2004. Six groups of 20 nymphs apiece were marked with a distinctive color of fluorescent powder, and released atop the log (two groups) or in leaf litter 0.5-m (two groups) and 1.5-m distant (two groups) on one side of the log. more marked ticks were recaptured for three consecutive sampling occasions, each of the 30 leaf-litter cells per grid was sampled for presence of nymphs with a 1-m 2 piece of white flannel attached to two wooden dowels. The outermost row of five cells (i.e., the third row 2-3 m away from the log) was sampled first by pressing the flannel cloth within each cell for 10 s and then inspecting the cloth for presence of ticks. Each tick collected was put into a separate 1.5-ml eppendorf tube for subsequent inspection, and the forceps were cleaned after each nymph was handled to avoid possible cross-contamination with the fluorescent powders used to mark ticks. The second row of five cells (i.e., 1-2 m from the log) on the same side of the log was sampled next, followed by the first row located 0-1 m from the log. This sampling scheme was repeated in leaf litter (n=15 cells) on the opposite side of the log, and lastly, on the surface of the log (n=five cells). A 1 x 0.5-m piece of white flannel attached to two wooden dowels was used to sample the five cells on the surface of the log.
All I. pacificus nymphs collected were illuminated with fiber optics and examined for fluorescent powder with a dissecting microscope. During the pilot study, they also were inspected with ultraviolet light in a darkened room with little success so the method was discontinued.
Graphical measures of presentation were employed to analyze the direction and distance that marked nymphs dispersed over time. By marking nymphs with six different colors of fluorescent powder, estimates of the following metrics were obtained: the duration of host-seeking; the minimum distances recaptured nymphs dispersed from their points of release; the approximate rate of movement for the first 2 days post-release; and whether nymphs prefer to host-seek atop logs or in litter. We did not calculate the rates of movement beyond the first sampling occasion because the nymphs might have wandered more haphazardly than linearly as the interval of time post-release increased.
A limitation of our methodology is that we measured the distances between the six release-sites and the centers of all cells in which marked ticks were recovered, but not the precise locations where ticks were recaptured on the drag-cloths. To measure movements of nymphs onto and off the logs, we summed the curvilinear surface of the log and the linear distance in litter traversed from the release point to the center of the cell (litter or log) in which they were caught. Therefore, if it is assumed that all nymphs had not traveled to grid cells located farther than those in which they had been recaptured, all dispersal data are subject to maximal errors of up to ≈0.5 to 0.7 m (i.e., distances from center of drag to the midline of one of its four edges or corners). In practice, marked nymphs were discovered all over the drag-cloth surfaces. Given the large number of ticks recaptured, the distances from the center of the drag to the various recovery points might be expected to average out and not to introduce any systematic bias with respect to our estimates of the mean minimum distances traveled. However, the standard deviations are less than they would have been if the actual distances had been measured.
MRR trials 3 and 4. In 2006, two MRR trials involving black-oak trunks and their surrounding litter, and using wild-caught, marked nymphs, were set up on 1 June and run concurrently until 2 July. The two trunks were spaced 47 m apart on level ground and their physical parameters were similar, except that one of them (MRR3) had less moss on three of its four aspects than the other (MRR4, Table 1 ). In both trials, three concentric rings were delineated in leaf litter 1, 2, and 3 m distant from, and around the base of, each trunk with vinyl-stake flags ( Figure 2 ). To determine the horizontal movements of nymphs, each ring was divided into eight directional sampling cells (units), i.e., N/ NE, NE/E, E/SE, SE/S, S/SW, SW/W, W/NW, and NW/N, which yielded a total of 24 individual sampling cells per trial ( Figure 2 ).
Nymphs used during MRR3 and 4 were collected in leaf litter in the James-II woodland on 28 May and held within a desiccator jar (98% RH, room temperature). Overall, 80 nymphs were used in each trial, and an additional 40 nymphs (20 marked, 20 unmarked) served as shared controls for both trials. Four groups of 20 nymphs were coated with a distinct color of fluorescent powder and released in the field four days post-capture between 11:40 and 12:00 on 1 June. Each group of marked nymphs was released atop leaf litter where it abutted the basal, central-most portion of one of the four cardinal aspects of the trunks. Sampling was performed on days 2, 7, 12, 19, 25, and 31 post-release.
To determine if the longevities of dusted vs undusted nymphs were comparable, 20 dusted and 20 undusted nymphs were put inside separate plastic containers ≈7 cm tall x 2.5 cm wide and covered with a snap-on lid. The central portion of each lid had been removed and replaced with muslin. A single pair of containers buried adjacent to one of the black-oak trunks served as controls for both trials. They were buried vertically in soil and their tops overlain with litter at the same time the MRR trials were begun. The survival of nymphs was determined at 12, 19, and 25 days post-placement.
Temperature and RH were recorded continuously at 30-min intervals during the trials. A HOBO ® H8 Pro Series data logger (Onset Computer, Bourne, MA) was set up near each one of the MRR trunks at a height of 0.3 m, one of which malfunctioned during the trial.
The eight cells composing the outermost ring (i.e., 2-3 m distant from the trunk) were sampled for presence of nymphs first by pressing the litter within each cell with a white-flannel cloth for ≈10 s. Next, the 1 to 2-m and then the 0-1 m distant cells were sampled similarly. To eliminate the kind of measurement errors inherent in the sampling design for MRR1 and 2, the exact location of each nymph found on the cloth within a particular cell, and its distance from the nearest point of tick-release at the base of the trunk, were recorded. Every tick collected was put individually into a 1.5-ml Eppendorf tube, and the forceps were cleaned after each potentially dusted tick was grasped to avoid cross-contamination.
After all 24 cells in the litter had been sampled, the four aspects of the trunks were sampled to a height of 3.0 m. Within each aspect, the rectangular sampling area was divided into three cells, 1.0 tall x ≈0.3-0.5 m wide, one atop the other, which yielded 12 sampling cells per trunk. The width of the sampling units varied by height because the circumferences of the trunks decreased with increasing height. The four lowermost cells (0-1 m aboveground) were sampled first, the 1-2 m cells second, and the 2-3 m cells last. A 1.0 x 0.5 m white-flannel cloth was used to sample each cell by pressing it against the trunk for ≈10 s. As was done in the litter, the precise location where each tick was discovered on the cloth and its linear distance from the nearest point of release at the base of the trunk were recorded. For nymphs that switched aspects, i.e., those that were caught outside the aspect where they were released, we measured the curvilinear distance between the sites of release and capture with a tape measure to better approximate the minimum distance they had traveled. Since no marked nymphs were collected from any of the 36 cells for either MRR3 or 4 on 2 July, sampling was discontinued.
All recorded distances, whether curvilinear or linear, must be considered underestimates because it cannot be assumed that the nymphs traveled in a straight line. The rates of tick movement were calculated only for the first sampling occasion (two days post-release) because, if indeed ticks do not move linearly, their dispersal behavior is apt to increase the degree of measurement error over time. 
DNA extraction and detection of Borrelia burgdorferi s.l.
To ascertain if a significantly higher percentage of nymphs infected naturally with B. burgdorferi climb trunks instead of dispersing into adjacent litter areas, dusted nymphs recovered from trunks or litter were tested for spirochete DNA by polymerase chain reaction (PCR). Since the wild-caught nymphs used during MRR3 and 4 were collected by dragging the general study area on 28 May, a subsample of 50 nymphs taken then was tested by PCR to determine the baseline prevalence of spirochete infection in the nymphal population.
In brief, I. pacificus nymphs were preserved in 95% ethanol prior to testing. DNA was extracted using the DNeasy Tissue Kit (QiaGen, Valencia, CA) according to the manufacturer's instructions. A nested PCR with primer sets targeting the 5S-23S rRNA intergenic spacer region was used to detect the presence of B. burgdorferi s.l., as described previously (Lane et al. , 2007 . Sequences from the positive amplicons were aligned and compared using Sequencher 4.1 (GeneCode, Ann Arbor, MI) to identify the spirochete DNA to genospecies.
Statistical analysis
Fisher's exact test (2-tailed) was used to test the survival of dusted vs undusted control nymphs during both paired trials, and the prevalence of B. burgdorferi in nymphs collected from leaf litter vs trunks in MRR 3 and 4. We did not test the observed differential dispersal of the recaptured nymphs because the tick-recapture rates rendered formal statistical comparisons inappropriate, and we had no way of discerning the actual pattern of tick movement (e.g., whether linear or random) between release and recapture. Therefore, the dispersal results are presented graphically and as descriptive statistics, except for the tree-trunk data. In the latter case, a Chi-square test for goodness of fit was run to discover if the distribution of marked nymphs on trunks was clumped or uniform by aspect.
RESULTS
Movements of nymphs released in litter or on logs
MRR trials 1 and 2. Overall, 35.0 and 44.2% of the 120 nymphs released on logs or in adjacent litter during MRR1 and 2, respectively, were recovered ( Table 2 ). The percentages of nymphs that had been released on logs or 0.5-m distant in litter that were recaptured were higher in MRR2 than in MRR1, whereas the percentages of recaptured nymphs that had been released 1.5 m from logs were identical in both trials. Although MRR2 was begun two weeks later than MRR1, the last nymphs recovered during each trial were taken on 27 May. Thus, nymphs were recovered over a 23-day period during MRR1 vs a nine-day period during MRR2. Also, the survival of dusted vs undusted nymphs buried inside silkscreen packets was comparable for MRR1 (1/19 vs 1/12 at 45 days; p = 1.00) and MRR2 (0/16 vs 3/19 at 31 days, p=0.23). These findings suggest that the peak hostseeking period of the nymphs in 2004 had ended largely by late May. The mean minimum/maximum temperatures and RHs throughout the periods when marked nymphs were recaptured during the two trials were similar, i.e., MRR1, 8.5/23.3º C and 33.7/82.4%; MRR2, 8.4/24.4º C and 36.9/88.8%.
The approximate mean distances that recaptured nymphs dispersed by two days post-release are shown in Table 3 and Figures 3a and 4a . Nymphs released on logs moved 28 to 40% (MRR1) or 16 to 36% (MRR2) as far as nymphs released in either litter site. The estimated mean distances that nymphs dispersed per day during both trials ranged several-fold from ≈0.04 to 0.20 m on logs vs 0.11 to 0.72 m in litter (data converted from Table 3 ), and nymphs traveled only 15 to 50% as far prior to recapture during MRR2 as in MRR1.
For both trials combined, the minimum mean distance that nymphs traveled per day was 0.09 m on logs and 0.34 m in litter areas (data converted from Table 3 ). For up to 23 days post-release, the greatest approximate dispersal distances for recaptured nymphs that had been released on logs, or in litter 0.5 m or 1.5 m from logs, during MRR1 were 2.4, 2.5, and 3.0 m, respectively (Figure 3b) . Likewise, individual marked nymphs were recaptured ≈2.1, 3.0, and 2.8 m for the same parameters for up to nine days postrelease during MRR2 (Figure 4b ). During MRR1, most marked nymphs that exited their cells of release apparently moved in a more or less southern/ southeasterly direction by two days post-release (6/7, 86%) as well as by 23 days post-release (13/23, 57%) (Figures 3a,  b) . Since the wind direction usually varied from ENE to NNW during the daytime (data not shown), most nymphs apparently had dispersed downwind. Nearly one-half (19/42, 45%) of the recaptured nymphs were caught within their cells of release, but their directional movements were incalculable because their exact locations within those cells were not recorded.
The dispersal pattern of marked nymphs during MRR2 was unclear at two days post-release because 23 (79%) of those recaptured were caught in their release-cells ( Figure  4a ). However, inspection of the data for the entire nine-day activity period revealed that at least 15 of 20 (75%) of the nymphs that were recaptured in another cell seemingly had moved upwind in a northwesterly, northern, or northeasterly direction (Figure 4b ). Overall, 62% (33/53) of the nymphs were recaptured within their release-cells including eight of eight at one of the log-release sites and nine of ten in one of the 1.5-m litter-release sites. In both trials, almost all recaptured nymphs that had been released on logs had remained on them (i.e., 28/32 or 87.5%). Similarly, nymphs released in litter were caught predominantly in litter. In MRR1, only 27% (3/11) and 18% (3/17) of nymphs released atop litter 0.5 and 1.5 m distant from logs were recaptured on logs and, in MRR2, the percentages (7/18, 39%; 1/17, 6%) were comparable. Therefore, 77.8% (49/63) of the recaptured nymphs freed in litter had remained in litter. Only three nymphs were recaptured in leaf litter on the sides of the logs opposite from which nymphs had been released in litter areas, and all three ticks had been released atop logs (Figures 3b, 4b) .
Movements of nymphs released at the litter/trunk interface
MRR trials 3 and 4. Higher percentages of marked nymphs were recovered during the trials involving trunks and litter (MRR3, 4; 55, 60%, Table 4 ) vs logs/litter (MRR1, 2; 35, 44%, Table 2 ). Additionally, more nymphs were recaptured on trunks than in litter during MRR3 (25/44, 57%) and MRR4 (31/48, 65%) (data not shown). The cumulative number of recaptured nymphs recovered in litter or on trunks relative to their aspect of release was similar in both trials, and ranged from 45-65% and 55-65% for MRR3 and MRR4, respectively (Table 4) . Survival of the dusted (4/20) vs undusted nymphal controls (2/20) did not differ significantly at 19 days after placement in the field (p=0.66), and all such nymphs perished within 25 days.
The mean minimum/maximum temperatures and RHs during the periods when marked nymphs were recaptured Eighty marked nymphs were released at the base of each tree on 1 June, and the trunks and adjoining leaf litter or tree trunks were sampled for nymphs from 3 June to 2 July. Nymphs were tested individually with a nested PCR.
(i.e., 1 to 13 June for MRR3; 1 to 26 June for MRR4) were slightly warmer and less humid for MRR4 than for MRR3, i.e., MRR3, 12.4/24.0º C and 45.7/82.3%; MRR4, 14.6/28.2º C and 36.6/74.8%. The dispersal distances of marked nymphs that were recaptured two days post-release were twice as great on trunks vs litter, and they were remarkably consistent between trials (Table 5 ). In both trials combined, nymphs moved an average distance of 0.353-m per day on trunks as compared with 0.175-m per day in litter. Furthermore, one or more marked nymphs were recaptured for up to 12 days in litter and on trunks during MRR3, and for up to 25 days in litter and on trunks during MRR4. The greatest minimum distances that marked nymphs moved in litter away from trunks or climbed trunks during MRR3 (MRR4) were 2.85 m (2.97 m) and 1.34 m (1.55 m), respectively (data not shown).
Among recaptured nymphs that climbed the trunks during either trial, 74 or 92% were recaptured at a height of 0-1 m, 8 or 26% at a height of 1-2 m and none above a height of 2 m (Table 6 ). In MRR3, 84% of the nymphs recaptured 0-2 m aboveground were found on the southern, eastern, and western aspects in comparable proportions (24-32%), whereas in MRR4, 58% of the recovered nymphs were collected on either the northern (29%) or southern aspects (29%). Thus, the collective results for both trials do not suggest that recaptured nymphs preferred any one aspect (p = 0.87).
Effect of B. burgdorferi infection upon the host-seeking behavior of nymphs
Higher percentages of the nymphs recaptured in leaf litter were infected with B. burgdorferi (10.5, 17.6%) than nymphs obtained from trunks (4.0, 3.2%), but these differences were not significant for either MRR3 (p = 0.57) or 4 (p = 0.12) (Table 7) . Overall, 7.6% of the 92 nymphs recovered from litter or trunks in both trials were infected, which is equivalent to the area-wide prevalence (8.0%, 4/50) of B. burgdorferi in the James-II nymphal population sample taken on 28 May 2006.
DISCUSSION
Movements of nymphs in litter or on logs
The dispersal capabilities of I. pacificus nymphs had not been studied before, except under artificial conditions. That is, low percentages (≤15%) of marked nymphs released in circular (0.75-m diameter), outdoor arenas or in an aquarium were active in the topmost layer of leaf litter or on soil sporadically throughout the day with perhaps a slight nocturnal peak, but none climbed dried grass stems . Most nymphs remained on the undersides of leaves or below the soil surface throughout the diel cycle. In California, mark/direct observational or MRR techniques were utilized previously to elucidate the questing behavior of I. pacificus adults with respect to height on vertical wooden dowels (Loye and Lane 1988) , and to discover the impact of removal sampling on the abundance of adult ticks (Kramer et al. 1993) . In other investigations, MRR methods were used along with flagging, dragging, or carbon dioxide-baited trapping to determine tick abundance, the efficiency of different sampling methods, the impact of removal sampling, or the horizontal movements of Ixodes ricinus complex ticks (or other ixodids), especially the adult stage (e.g., Gray 1985 , Falco and Fish 1991 , Goddard 1993 , Daniels et al. 2000 . Few studies have focused on the natural dispersal activities of Ixodes spp. nymphs, however.
In the present study, relatively high percentages (35-44%) of the nymphs released in litter or atop logs were recaptured, and most (69%, MRR1) or all (MRR2) of those were recovered within eight to nine days post-release. Although MRR2 was begun two weeks later than MRR1 and marked nymphs were recaptured over just a nine-day period (vs a 23-day period for MRR1), 9% more nymphs were recaptured during MRR2 and host-seeking apparently ended at both sites by late May. The similar survival of the MRR1 and 2 dusted vs undusted control ticks suggests that mortality caused by dusting wasn't the principal factor responsible for the cessation of nymphal host-seeking. More likely, a combination of repetitive removal sampling, hostacquisition, and possibly less propitious abiotic conditions in late spring caused it. Marking ticks with fluorescent powder in previous MRR studies did not influence either the survival or mobility of Ixodes scapularis adults for up to six days or of I. pacificus nymphs for up to 30 days, and the powder could be detected on adult ticks that had been released in the field four months before (Daniels et al. 1989 , Falco and Fish 1991 .
The estimated distances that nymphs released atop logs moved to their recovery points by two days postrelease were ≤40% as far as nymphs released in adjacent leaf-litter areas. In both trials combined, the mean distance that nymphs released on logs dispersed during MRR1 and 2 was ≈0.09 m/day or one-quarter the dispersal rate (=0.34 m/day) of nymphs released in litter. If nymphs continued to move at the same daily rates, they would have dispersed ≈0.6 m and 2.4 m/week on logs and in litter areas, respectively. An obvious caveat with lumping the disparate data from MRR1 and 2 is that the trials were not conducted concurrently or in close proximity. However, combining the data may yield a reasonably representative picture of the overall mean dispersal rate area-wide, and the 2.35-m/ week rate calculated for leaf litter is similar to the estimated steady dispersal rate of ≈2 m/week recorded for I. scapularis nymphs in a woods/pasture interface in Maryland .
Within the confines of the grids, the maximal linear distances that nymphs moved from their release sites on logs or in litter to their approximate recapture sites on all sampling occasions were 2.4-3.0 m (MRR1) and 2.1-3.0 m (MRR2). These distances also are like those recorded for horizontal movement by marked I. scapularis nymphs . Two-thirds of the nymphs recovered over a five-week period during that study were found within 2-3 m of their release points.
Little is known about the abiotic factors influencing the movements of North American Ixodes spp. nymphs. In MRR1, many nymphs were recaptured downwind of their release sites in concert with the prevailing southwesterly to southeasterly diurnal wind direction, whereas in MRR2 most recaptured nymphs apparently had moved upwind. These conflicting results suggest that wind direction alone does not influence the horizontal movements of I. pacificus nymphs. Previously, nymphal activity was observed throughout the daytime in the James-II woodland irrespective of temperature or relative humidity (Lane et al. 2007) . To determine what abiotic factors may affect the movements of the nymphs, carefully monitored experiments evaluating various micro-meteorological parameters within the nymphal biotope are needed like those used to elucidate the diel and seasonal activity patterns of I. persulcatus (Alekseev and Dubinina 2000) . We had hypothesized that nymphs released in litter would tend to gravitate onto logs, and those released on logs would remain on logs, to enhance the likelihood that they would contact their primary vertebrate host in the study area, the western fence lizard (Eisen et al. 2004 , Lane et al. 2007 . Sceloporus occidentalis is a sit-and-wait predator that spends more than 90% of its time perched on logs, rocks, trees, or fences (Schall and Sarni 1987) . In the James-II woodland, it frequently basks, feeds on insects, and seasonally engages in courtship behavioral displays on logs and less often on trunks (rocks and fences are absent). In early July 2006, for example, one or two lizards were observed on 7.5% of the logs (n=200 logs) in contrast with only 0.5% of the trunks (n=200) surveyed concurrently (R. S. Lane, unpublished data). Furthermore, I. pacificus nymphs preferred lizards when experimentally offered the opportunity to choose among, and feed upon, a deer mouse (Peromyscus maniculatus), a California kangaroo rat (Dipodomys californicus), a western fence lizard, or a California towhee (Pipilo crissalis) (Slowik and Lane 2009 ). Our results nonetheless do not support the hypothesis that nymphs present in litter selectively move onto logs because ≈80% of recaptured nymphs released in litter were recovered from litter. On the other hand, ≈90% of nymphs freed on logs were caught on logs. We conclude that, under natural conditions, nymphs remain chiefly in the same biotopes in which they pass the larval to nymphal transstadial molt.
What factors might account for the high natural densities of I. pacificus nymphs on black-oak logs in this woodland, which sometimes achieve a mean density of 2.25 nymphs per m 2 of surface area (Lane et al. 2007 )? We hypothesize that many of the uninfected nymphs found on logs end up there as a result of replete larvae having dropped-off reservoirincompetent western fence lizards Quistad 1998, Kuo et al. 2000 ) that utilize logs diurnally or sleep within or beneath them nocturnally. The diurnally active western gray squirrel, the primary reservoir of B. burgdorferi in the study area (Lane et al. 2005 , Salkeld et al. 2008 , Eisen et al. 2009 ), also has direct contact with both logs and leaf litter while foraging on the ground. Although the temporal drop-off patterns of engorged I. pacificus larvae from western fence lizards or western gray squirrels are unknown, experimental evidence has demonstrated that replete larvae and nymphs drop-off some diurnally or nocturnally active sciurid and murid rodents during the daytime (Vredevoe et al. 1997) .
Once on logs, nymphs may remain on them because of chemically-mediated cues deposited by either conspecific nymphs or vertebrate hosts. Tick pheromone-mediated and vertebrate host-derived chemical signals, such as guanine or uric acid, may influence aggregation of unfed ticks (e.g., Rechav et al. 1978; Carroll 1999 Carroll , 2001 Carroll et al. 1995 Benoit et al. 2008; Healy and Bourke 2008) . The western fence lizard possesses specialized exocrine glands along the femoral regions of its hind-legs that emit volatile protein and lipid secretions that may function in chemical communication between individuals (Duvall 1979 , Alberts 1993 . Thus, chemical cues deposited by I. pacificus nymphs or western fence lizards on logs, and operative over relatively short distances (e.g., several cm), could have an arrestant effect on nymphs. If this is so, it might explain, at least in part, the extraordinary densities of I. pacificus nymphs occasionally found on individual logs ).
Movements of nymphs released at the litter/trunk interface
The percentages of nymphs recaptured during MRR3 and 4 exceeded those recovered during MRR1 and 2, which may reflect various factors including greater efficiency in collecting nymphs from the bark of living trees than from decaying logs, more favorable abiotic conditions enveloping the environs of trunks vs logs, or seasonal effects (e.g., disparate ages and energy reserves of the nymphal cohorts used during the 2004 and 2006 MRR trials caused by yearto-year climatic variation). In 2006, greater percentages of nymphs were recaptured from trunks (57-65%) than from litter (35-43%), whereas in 2004 comparable percentages of nymphs were recaptured from logs and litter. The 2006 results seem to support our hypothesis that nymphs preferentially would ascend trunks rather than disperse into adjoining leaf-litter areas to host-seek. However, those findings could simply mirror the greater efficiency of collecting nymphs from wood vs litter (Lane et al. 2007 ). In a leaf-litter habitat at the HREC, the mean efficiency of a single drag-sampling occasion to estimate the absolute population size of hostseeking I. pacificus nymphs was only 5.9% (range, 4.8-9.1%) (Tälleklint- Eisen and Lane 2000) . The efficiency of collecting nymphs by pressing a flannel cloth for ≈10 s against trunks has not been determined experimentally, but our 2004 data suggest that this method is equally efficient for recapturing marked nymphs from logs or leaf litter.
In striking contrast, the mean densities of nymphs collected previously from logs or trunks were much higher than they were in adjacent leaf litter or grass in the same dense woodland or in a nearby woodland-grass habitat (Lane et al. 2007 ). The disparities in the ratios for these metrics in comparisons involving logs was particularly noticeable: the ratios for nymphal densities recorded from wood vs litter or grass among years ranged from 38:1 to 102:1 for logs as compared with only 4:1 to 22:1 for trunks. In the earlier study, the surfaces of logs and trunks were sampled as they were in the present study, but leaf litter or grassy areas were sampled by drag sampling rather than by pressing a flannel cloth firmly against the ground for ≈10 s. Thus, the more labor-intensive latter method appears to be far more efficient than dragging for collecting nymphs.
At two days post-release, there was remarkable consistency between MRR3 and 4 in the distances that recaptured nymphs had dispersed horizontally within litter (0.33-0.37 m) or vertically on trunks (0.70-0.71 m). These values are equivalent to minimal daily dispersal rates of 0.175 m in litter and 0.35 m on trunks. By comparison, nymphs released in litter during MRR1 and 2 combined had dispersed, on average, twice as far (0.34 m/day), and those released on logs (vs trunks) had moved one-quarter as far (0.09 m/day). The reasons for these two to four-fold discrepancies in dispersal rates between the log vs the trunk trials are unclear, but microhabitat differences and temporal or spatial factors may have been involved. The grids for MRR1 and 2 were established ≈230 m apart at different elevations (≈685 vs 715 m) and experimentation was initiated two weeks apart, whereas the grids for MRR3 and 4 were set up only 47 m apart at the same elevation (≈685 m) and experimentation was begun on the same day.
Three-quarters to 90% of nymphs recaptured on trunks were taken at a height of 0-1 m aboveground, the remainder between a height of 1 and 2 m, and none above a height of 3 m. These data are like those acquired in the same woodland in 2003 when 72% and 28% of the nymphs caught on black-oak trunks (n=32 sample units) were collected at respective heights of 0-1 and 1-2 m (Lane et al. 2007) . In that investigation, significantly more nymphs collected at a combined height of 0-2 m in 2003 or from 0-1 m in 2006 (n=30 sample units), were associated with the southern aspects of trunks. Consequently, the hypothesis that significantly more marked nymphs released at the bases of all four cardinal aspects of both trees would disperse to the southern aspects of their trunks is not supported.
Instead, the two trunk trials yielded dissimilar results with ›80% of the nymphs distributed in nearly equal proportions on the southern, eastern, and western exposures in MRR3 as compared with ≈30% apiece on the northern and southern exposures in MRR4. Had we delayed sampling for a week or longer, perhaps more nymphs would have dispersed preferentially to one aspect by affording them greater opportunity to acclimate and select their optimal micro-environmental conditions for host-seeking. Or, with the passage of time, nymphs may have experienced reduced survival on certain aspects than others because of less favorable abiotic conditions. In that regard, bark usually is more sparsely covered by moss on the southern aspects of black-oak trunks (Lane et al. 2007) , and the presence of moss on tree trunks was found to reduce the surface temperature by a mean of 1.9° C (range, 1.6-5.0° C) and to increase RH by up to 2.5% from the ambient (Slowik and Lane 2001) . In the present study, however, the basal surface areas (0-1 m aboveground) of the trunks were colonized by comparable percentages of moss, which may account for the somewhat more homogeneous distribution of the recovered nymphs. A third explanation is that the dispersal process is simply stochastic, and in any given year it may have more to do with where replete larvae drop-off from their vertebrate hosts and subsequently molt relative to the cardinal aspects of trunks.
Analyses of dispersal data
Although the recapture rates in all four trials were moderately high, the levels of missing data still precluded formal statistical analyses. Several reasons could account for nymphs not being recaptured, such as mortality, movement outside the limited-sized grids (i.e., 3 m around the trunks and 3 m on only the lengthwise sides of the logs) by their own locomotor activity or by finding a host, or by not hostseeking during the sampling occasions. Since dispersal was both qualitative (directional) and quantitative (distance from release point), we could not account for the missing recapture data. Despite these limitations, we consider the dispersal results presented graphically and as descriptive statistics to be fairly representative of all released nymphs because those not recaptured could have been missed through random processes.
Effect of B. burgdorferi infection upon the host-seeking behavior of nymphs
The hypothesis that B. burgdorferi-infected nymphs would exhibit a greater tendency to climb trunks rather than to move horizontally into contiguous litter is not upheld. That hypothesis was proposed because nymphs collected from trunks in the James-II study area had a higher prevalence of spirochete infection than nymphs dragged from adjacent leaf litter in 2003 (42.9% vs 13.0%) and in 2006 (19.6 vs 7.1%) (Lane et al. 2007 ). We surmised that B. burgdorferi-induced modifications of I. pacificus behavior might be responsible for the climbing activities of infected nymphs because the host-seeking behavior or host-finding efficacy of other Ixodes spp. infected with B. burgdorferi s.l. spirochetes or tick-borne encephalitis virus were altered significantly (see Lane et al. 2007 for some pertinent references; Faulde and Robbins 2008) . As an example, undusted I. scapularis nymphs infected with B. burgdorferi demonstrated increased phototaxis, attraction to vertical surfaces, and a tendency to host-seek at increased heights and to surmount physical obstacles (Lefcort and Durden 1996) . The moderate quantities of fluorescent dust we applied to infected nymphs may have compromised their mobility and/or survival as compared with naturally infected, undusted nymphs. The dual insult of harboring a spirochete infection and the abrasive effect of fluorescent dust on their epicuticular surfaces may have depleted the energy reserves of the nymphs and disrupted their water balance, thereby reducing their climbing activities.
Taken together, our findings demonstrate that I. pacificus nymphs use an ambush host-seeking strategy (Sonenshine 1993) ; they disperse slowly in leaf-litter areas or on logs or trunks; they typically host-seek in or on whatever substratum they access initially; and if infected with B. burgdorferi, they are at least as likely to move horizontally as vertically when presented a choice.
